Foreword
In 1983, at the time of the adoption of the present definition of the metre by the 17th General Conference on Weights and Measures (CGPM), the International Committee for Weights and Measures (CIPM) drew up recommendations for the practical realization of the definition. These have formerly been referred to as the mise en pratique of the definition of the metre. It was understood that the practical realization would, from time to time, be updated to take account of new measurements and improvements in techniques of laser stabilization.
In 1992 the CIPM, acting on the advice of the then Consultative Committee for the Definition of the Metre (CCDM), adopted a revision of the mise en pratique in its Recommendation 3 (CI-1992) . The text was published in Metrologia (1993/94 30 523-41).
In 1997 a second revised version of the practical realization of the definition of the metre was adopted by the CIPM in its Recommendation 1 (CI-1997) . The text was published in Metrologia (1999 36 211-44) .
In 2001, the CIPM again adopted a revised version of the practical realization of the metre and this time included recommended frequencies for other optical frequency standards. The text of this Recommendation (Recommendation 1 (CI-2002)) is given here * . In addition, a revised list of recommended radiations, and an appendix containing the source data used in estimating the wavelengths, frequencies and uncertainties of the recommended radiations are given. In adopting the revised practical realization, the CIPM acknowledged the considerable effort put into its preparation by the Consultative Committee for Length (CCL) through its Working Group on the mise en * The French version of this Recommendation, which is the official one, will be published along with the English version in the Report of the 91st Meeting of the CIPM (2002) .
pratique that included representatives of national metrology institutes and the BIPM. A significant part of the work was related to the estimation of the uncertainties of the values given in the list of recommended radiations and the CIPM drew attention to this as an example of the importance of making proper estimates of uncertainty in reporting the results of all metrological work.
Revision of the practical realization of the definition of the metre

Recommendation 1 (CI-2002)
The Comité International des Poids et Mesures,
recalling
• that in 1983 the 17th Conférence Générale des Poids et Mesures (CGPM) adopted a new definition of the metre; • that in the same year the CGPM invited the CIPM -to draw up instructions for the practical realization of the metre, -to choose radiations which can be recommended as standards of wavelength for the interferometric measurement of length and draw up instructions for their use, -to pursue studies undertaken to improve these standards and in due course to extend or revise these instructions; • that in response to this invitation the CIPM adopted Recommendation 1 (CI-1983) (mise en pratique of the definition of the metre) to the effect: -that the metre should be realized by one of the following methods: (a) by means of the length l of the path travelled in vacuum by a plane electromagnetic wave in a time t; this length is obtained from the measured time t, using the relation l = c 0 · t and the value of the speed of light in vacuum c 0 = 299 792 458 m s −1 , (b) by means of the wavelength in vacuum λ of a plane electromagnetic wave of frequency f ; this wavelength is obtained from the measured frequency f using the relation λ = c 0 /f and the value of the speed of light in vacuum c 0 = 299 792 458 m s −1 , (c) by means of one of the radiations from the list below, whose stated wavelength in vacuum or whose stated frequency can be used with the uncertainty shown, provided that the given specifications and accepted good practice are followed; -that in all cases any necessary corrections be applied to take account of actual conditions such as diffraction, gravitation or imperfection in the vacuum; -that in the context of general relativity, the metre is considered a unit of proper length. Its definition, therefore, applies only within a spatial extent sufficiently small so that the effects of the nonuniformity of the gravitational field can be ignored. In this case, the effects to be taken into account are those of special relativity only. The local methods for the realization of the metre recommended in (b) and (c) provide the proper metre but not necessarily that given in (a). Method (a) should therefore be restricted to lengths l which are sufficiently short for the effects predicted by general relativity to be negligible with respect to the uncertainties of realization. For advice on the interpretation of measurements in which this is not the case, see the report of the Consultative Committee for Time and Frequency (CCTF) working group on the application of general relativity to metrology [1] .
• that the CIPM had already recommended a list of radiations for this purpose; recalling also that in 1992 and in 1997 the CIPM revised the practical realization of the definition of the metre;
considering
• that science and technology continue to demand improved accuracy in the realization of the metre; • that since 1997 work in national laboratories, in the BIPM and elsewhere has identified new radiations and methods for their realization which lead to lower uncertainties; • that there is an increasing move towards optical frequencies for time-related activities, and that there continues to be a general widening of the scope of application of the recommended radiations of the mise en pratique to cover not only dimensional metrology and the realization of the metre, but also high-resolution spectroscopy, atomic and molecular physics, fundamental constants and telecommunication; • that a number of new frequency values with reduced uncertainties for radiations of high-stability cold atom and ion standards already listed in the recommended radiations list are now available, that the frequencies The data and analysis used for the compilation of this list are set out in the associated Appendix 1: source data for the list of recommended radiations, 2001.
It should be noted that for several of the listed radiations, few independent values are available, so the estimated uncertainties may not reflect all sources of variability.
Each of the listed radiations can be replaced, without degrading the accuracy, by a radiation corresponding to another component of the same transition or by another radiation, when the frequency difference is known with sufficient accuracy. Such radiations are listed in Appendix 2: absolute frequency of the other transitions related to those adopted as recommended and frequency intervals between transitions and hyperfine components.
It should be also noted that to achieve the uncertainties given here it is not sufficient just to meet the specifications for the listed parameters. In addition, it is necessary to follow the best good practice concerning methods of stabilization as described in numerous scientific and technical publications. References to appropriate articles, illustrating accepted good practice for a particular radiation, may be obtained by application to a member laboratory of the CCL 1 or to the BIPM. 1 At its 1997 Meeting, the CIPM changed the name of the CCDM to that of CCL. with a relative standard uncertainty of 2.1 × 10 −11 apply to the radiation of a He-Ne laser with an internal iodine cell, stabilized using the third harmonic detection technique, subject to the conditions:
Absorbing ion 171 Yb
• cell-wall temperature (25 ± 5)˚C 3 ; • cold-finger temperature (15.0 ± 0.2)˚C; • frequency modulation width, peak-to-peak, (6.0 ± 0.3) MHz;
• one-way intracavity beam power (i.e. the output power divided by the transmittance of the output mirror) (10 ± 5) mW for an absolute value of the power shift coefficient 1.0 kHz mW −1 .
These conditions are by themselves insufficient to ensure that the stated standard uncertainty will be achieved. It is also necessary for the optical and electronic control systems to be operating with the appropriate technical performance. The iodine cell may also be operated under relaxed conditions, leading to the larger uncertainty specified in Appendix 1. 40 with a relative standard uncertainty of 2.3 × 10 −11 apply to the radiation of a He-Ne laser stabilized to the centre of the unresolved hyperfine-structure of a methane cell, within or external to the laser, held at room temperature and subject to the following conditions:
Absorbing atom
• methane pressure 3 Pa;
• mean one-way intracavity surface power density (i.e. the output power density divided by the transmittance of the output mirror) 10 4 W m −2 ; • radius of wavefront curvature 1 m;
• inequality of power between counter-propagating waves 5%; • servo-referenced to a detector placed at the output facing the laser tube. with a relative expanded uncertainty U = 3.9 × 10 −9 , where U = ku c (k = 3), applies to the radiation emitted by a discharge lamp. The radiation of 86 Kr is obtained by means of a hot-cathode discharge lamp containing 86 Kr, of a purity not less than 99%, in sufficient quantity to assure the presence of solid krypton at a temperature of 64 K, this lamp having a capillary with an inner diameter from 2 mm to 4 mm and a wall thickness of about 1 mm.
It is estimated that the wavelength of the radiation emitted by the positive column is equal, to within 1 part in 10 8 , to the wavelength corresponding to the transition between the unperturbed levels, when the following conditions are satisfied:
• the capillary is observed end-on from the side closest to the anode; • the lower part of the lamp, including the capillary, is immersed in a cold bath maintained at a temperature within one degree of the triple point of nitrogen; • the current density in the capillary is (0.3 ± 0.1) A cm −2 .
2.2.
86 Kr, 198 Hg and 114 Cd spectral lamp radiations. , where U = ku c (k = 3), apply to radiations emitted by a discharge lamp when the following conditions are met:
• the radiations are produced using a discharge lamp without electrodes containing 198 Hg, of a purity not less than 98%, and argon at a pressure from 0.5 mm Hg to 1.0 mm Hg (66 Pa to 133 Pa);
• the internal diameter of the capillary of the lamp is about 5 mm, and the radiation is observed transversely; • the lamp is excited by a high-frequency field at a moderate power and is maintained at a temperature less than 10˚C; • it is preferred that the volume of the lamp be greater than 20 cm 3 .
For 114 Cd, the above values with a relative expanded uncertainty U = 7 × 10 −8 , where U = ku c (k = 3), apply to radiations emitted by a discharge lamp under the following conditions:
• the radiations are generated using a discharge lamp without electrodes, containing 114 Cd of a purity not less than 95%, and argon at a pressure of about 1 mm Hg (133 Pa) at ambient temperature;
• the internal diameter of the capillary of the lamp is about 5 mm, and the radiation is observed transversely; • the lamp is excited by a high-frequency field at a moderate power and is maintained at a temperature such that the green line is not reversed. with a relative standard uncertainty of 4 × 10 −10 apply to the radiation of a dye laser (or frequency-doubled He-Ne laser) stabilized with an iodine cell, within or external to the laser, having a cold-finger temperature of (6 ± 2)˚C. with a relative standard uncertainty of 3 × 10 −10 apply to the radiation of a He-Ne laser stabilized with an iodine cell, within or external to the laser, having a cold-finger temperature of (−5 ± 2)˚C.
Absorbing molecule 127 I 2 , a 9 component, P(10) 8-5 transition.
The values f = 468 218 332. 4 MHz λ = 640 283 468.7 fm with a relative standard uncertainty of 4.5 × 10 −10 apply to the radiation of a He-Ne laser stabilized with an internal iodine cell having a cold-finger temperature of (16±1)˚C and a frequency modulation width, peak-to-peak, of (6 ± 1) MHz.
APPENDIX 1 Source data for the list of recommended radiations, 2001
This appendix has been derived from data presented at the Values of frequency (and wavelength) may be influenced by certain experimental conditions such as the pressure and the purity of the absorbing medium, the power transported by the beam through the medium and beam geometry, as well as other effects originating outside the laser itself and related to the servo-system. The magnitude of these influences remains compatible with the limits indicated by the uncertainty (one standard deviation) provided that the conditions of operation lie within the domain of the ensemble of those of the measurements referred to below.
The frequency values and uncertainties adopted by the 10th Meeting of the CCL have been rounded in accordance with good metrological practice, bearing in mind the limited number of absolute measurements of a particular radiation in many cases, and broadly in agreement with consistency guidelines drawn up in [3] .
It should be noted that the 2001 revision of the recommended frequency and uncertainty of the 633 nm radiation resulted in a correction of many of the other recommended iodine-stabilized laser source radiations. The component of the recommended radiation of 633 nm and near-lying components are denoted by letters, while all other hyperfine components are denoted by letters having a subscript specified by a number, according to [4] . The combined standard and relative uncertainties are denoted by u c and u c /y, respectively, according to [5] . 115 In + , 5s 2 [6] With this value, based on one single determination, the CCL considered it prudent to double the relative standard uncertainty giving 3.6 × 10 −13 . The CCL considered it prudent to attribute a standard uncertainty of 2.0 × 10 −13 .
Recommended radiations of stabilized lasers
Absorbing ion
Absorbing atom 1 H, 1S-2S two-photon transition,
λ ≈ 243 nm.
Source data
1.2-1 Udem et al [7, 8] give the value of the frequency of the two-photon transition as [9] give the value of the frequency of the two-photon transition as With this value, based on only two separate determinations, the CCL considered it prudent to adopt a standard uncertainty in frequency of 20 Hz, corresponding to a relative standard uncertainty of 1.9 × 10 −14 . For which: [12] With this value, based on only one determination, the CCL considered it prudent to adopt a relative standard uncertainty equal to three times the reported uncertainty of 6 Hz giving 20 Hz, corresponding to a relative standard uncertainty of 2.9 × 10 −14 .
1.2-2 Niering et al
f (1S-2S) = 2
Absorbing ion 199 Hg
+ , 5d 10 6s 2 S 1/2 (F = 0)-5d 9 6s 2 2 D 5/2 (F = 2) m F = 0 transition, λ ≈ 282 nm.
Absorbing ion 171 Yb
+ , 6s 2 S 1/2 (F = 0, m F = 0)-5d 2 D 3/2 (F = 2, m F = 0) transition, λ ≈ 436 nm.λ = 435
Adopted value:
For which:
Source data 642 121 496 772.6 2.0 × 10 −12 [13] With this value, based on only one determination, the CCL considered it prudent to double the reported uncertainty, giving a relative uncertainty of 4.0 × 10 −12 4 . The standard uncertainty calculated from the dispersion of the four values is 2.4 kHz. Taking into account the frequency dependence on the cell quality and other effects, the CCL preferred to adopt a standard uncertainty of 5 kHz, corresponding to a relative standard uncertainty of 8.9×10
−12 . Other 127 I 2 absorbing transitions close to this transition may also be used by making reference to the following frequency differences, using the a 10 component of the R(56) 32-0 transition as a reference, see also section 1.6-2: where f (y, x) represents the frequency of the transition denoted y, x and f (a 10 , R(56) 32-0) the frequency of the reference transition. The CCL preferred to assign an uncertainty of 5 kHz to all listed frequency differences, regarding the possible influence of the quality of the iodine cell, background slopes and the small number of data for each frequency difference available.
Source data 1.6-1 Holzwarth et al [18] give f a10 = 563 260 223 508.7 kHz u c = 5.2 kHz at a cold-finger temperature of −5˚C (iodine pressure = 2.46 Pa) 5 . Nevsky et al [19] give at a cold-finger temperature of − 5˚C (iodine pressure = 2.46 Pa).
These two measurements have been carried out with the same iodine cell. Therefore, the CCL decided to consider the arithmetic mean of these two data, i.e. 
The source data are all given in respect to the BIPM4 laser standard frequency. The relative standard uncertainty includes the uncertainty in the absolute frequency measurement and the uncertainty obtained by comparing the different frequency standards with the BIPM4 standard. The CCL proposed that the recommended radiation for the R(127) 11-5 transition, using 633 nm He-Ne lasers, no longer correspond to the a 13 , or i, component, but is replaced by the a 16 , or f, component, which was decided by the CIPM 2002.
The CCL adopted a correction of the previous recommended frequency by +7 kHz, giving the frequency of the f component to be 473 612 353 604 kHz. The CCL also revised the coefficient of the tolerated one-way intracavity beam power influencing the average uncertainty of beat-frequency measurements between two stabilized lasers. This results in a combined uncertainty of u c = 10 kHz, corresponding to a relative uncertainty of u c /y = 2.1 × 10 −11 , see section 1.7-2. The grouped laser comparisons from national laboratories undertaken by the BIPM (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) confirm that the choice of a relative standard uncertainty of 2.1 × 10 −11 is valid [26] [27] [28] [29] [30] [31] [32] [33] [34] . This series of comparison is a key comparison BIPM.L-K10 and is reported on the BIPM web-site http://www.bipm.org/kcdb. 
In a comparison with the BIPM4 laser standard [34] , they obtained
Assuming that this frequency has been maintained since, one obtains
1.7-2 The uncertainties resulting from variations in operational parameters are listed in From [131] cited in table 30, [60] With this value, based on measurements made over more than one year, but determined by one single laboratory, the CCL considered it prudent to adopt a standard uncertainty given for standard conditions [61] [73] Unweighted mean f = 582 490 603 382 kHz
The relative standard uncertainty calculated from the dispersion of the six values is 2.2 × 10 −10 , which the CCL preferred to round up to 2.5 × 10 −10 .
Source data
Using the recommended value of f f (section 1.7 and table 20) , where
the following values for f a3 are obtained from measured wavelength ratios: [73] Other available values having relative uncertainties higher than 3.0 × 10 −10 have not been used. With this mean based on only two determinations, linked by the same reference frequency, the CCL considered it prudent to assume an estimated relative standard uncertainty of 2.5 × 10 −10 closely equivalent to the difference between the two values. [73] give at a cold-finger temperature of 14.3˚C (iodine pressure = 16 Pa) and a modulation width of 7 MHz. For a reference temperature of 16˚C (iodine pressure = 18.9 Pa) and a modulation width of 6 MHz, corrections of −23 kHz and +8 kHz has to be applied to this value assuming a pressure dependence of −7.8 kHz Pa −1 and a modulation dependence of −7.6 kHz MHz −1 , similar to that reported in [83] , giving f a9 = 468 218 332 419 kHz u c /y = 1.0 × 10 −10 . [83, 84] give
2.4-1 Bönsch et al
λ a9 /λ i = 0
2.7-2 Zhao et al
Bönsch et al [73] give at a cold-finger temperature of 17˚C (iodine pressure = 20.7 Pa). For a reference temperature of 16˚C (iodine pressure = 18.9 Pa), a correction of +14 kHz has to be applied to this value, assuming a pressure dependence of −7.8 kHz Pa −1 similar to that reported in [83] , giving f a9 = 468 218 332 069 kHz u c /y = 4.6 × 10 −10 .
APPENDIX 2
Absolute frequency of the other transitions related to those adopted as recommended and frequency intervals between transitions and hyperfine components The notation for the transitions and the components is that used in the source references. The values adopted for the frequency intervals are the weighted means of the values given in the references.
For the uncertainties, account has been taken of:
-the uncertainties given by the authors; -the spread in the different determinations of a single component; Ref. [87] . Ref. [88] .
-the effect of any perturbing components; -the difference between the calculated and the measured values.
In the tables, u c represents the estimated combined standard uncertainty (1 σ ). All transitions in molecular iodine refer to the B-X system. When a two-photon transition is listed, the listed frequency indicates the one-photon laser frequency. Ref. [88] . 
Ref. [88] . Table 7 .
λ ≈ 532 nm 127 I 2 P(84) 33-0 (no 1100) 
Ref. [89] . Table 8 . 
Ref. [87] . 10 , R(56) 32-0) = −73 517 088 (5) kHz [2] Ref. [87] . Ref. [21, 90] . Ref. [21, 90] . 
Ref. [91, 92] . 
Ref. [92, 93] . Ref. [92] [93] [94] . Ref. [92, 93] . Ref. [92, 93] . Ref. [92, 93, [95] [96] [97] [98] [99] [100] . 10 , R(56) 32-0) = 2 599 708 (5) kHz [2] Ref. [92, 93] . Ref. [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] . Table 21 .
λ ≈ 633 nm 127 I 2 P(33) 6-3 21 , P(33) 6-3) − f (a 16 , R(127) 11-5) = −532.42 (2) MHz [113] Ref. [108, [113] [114] [115] [116] [117] . [118, 119] Ref. [118] [119] [120] [121] [122] [123] [124] [125] [126] . Ref. [121, 124, 126] . Table 24 . [118, 119] Ref. [121] . [127, 128] Ref. [121, 126, 127, 129] . Ref. [130] . Ref. [47] . 9 9 See footnote 8. Ref. [65, [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] . Ref. [142] [143] [144] [145] . Ref. [143, 144] . 6 , R(98) 58-1) − f (a 3 , P(13) 43-0) = −2100 (1) MHz [146] Ref. [144, 146] . Ref. [147] [148] [149] [150] [151] [152] [153] . Ref. [147] [148] [149] [150] [151] [152] [153] . Ref. [79, 154] . Ref. [148, [155] [156] [157] [158] [159] . Ref. [148, 155, [157] [158] [159] [160] . Ref. [155] . Ref. [161] [162] [163] . Table 43 . Ref. [162, 163] . Table 44 .
λ ≈ 640 nm 127 I 2 P(10) 8-5 a n [f (a n ) − f (a 9 )]/MHz u c /MHz a n [f (a n ) − f (a 9 Ref. [148, 158, [164] [165] [166] [167] [168] [169] . Ref. [148, 158, [164] [165] [166] [167] [168] [169] .
